The transcription factor Gata3 is essential for the development of sympathetic neurons and adrenal chromaffin cells. As Gata3 expression is maintained up to the adult stage, we addressed its function in differentiated sympathoadrenal cells at embryonic and adult stages by conditional Gata3 elimination. Inactivation of Gata3 in embryonic DBH-expressing neurons elicits a strong reduction in neuron numbers due to apoptotic cell death and reduced proliferation. No selective effect on noradrenergic gene expression (TH and DBH) was observed. Interestingly, Gata3 elimination in DBH-expressing neurons of adult animals also results in a virtually complete loss of sympathetic neurons. In the Gata3-deficient population, the expression of anti-apoptotic genes (Bcl-2, Bcl-x L , and NFB) is diminished, whereas the expression of pro-apoptotic genes (Bik, Bok, and Bmf) was increased. The expression of noradrenergic genes (TH and DBH) is not affected. These results demonstrate that Gata3 is continuously required for maintaining survival but not differentiation in the sympathetic neuron lineage up to mature neurons of adult animals.
Introduction
A fundamental aspect of neural development is the specification and maintenance of differentiated neuron types. Specification of neuron fate is mediated by networks of transcription factors that play essential roles in activating target genes of specific neuron fates (Guillemot, 2007) . However, it is unclear to what extent these regulatory networks are necessary to maintain specific neuronal properties after development has completed. Terminal selector genes expressed throughout the lifetime of a neuron and required for maintaining its differentiated state have been described in Caenorhabditis elegans (Hobert, 2008) . Also, in vertebrates, candidate terminal selector transcription factors were identified (Cheng et al., 2005) , including Gata2, which determines postmitotic neuronal identity of midbrain GABAergic neurons (Kala et al., 2009) .
From the Gata family of transcription factors, only Gata2 and Gata3 are found in the nervous system in overlapping expression patterns, with important roles in the development of specific neuronal populations, including neurons in the inner ear, midbrain, hindbrain, spinal cord, and sympathoadrenal system. Gata3 is involved in the generation of serotonergic neurons (van Doorninck et al., 1999; Pattyn et al., 2004) and ear formation, affecting the morphogenesis of the inner ear, axonal navigation of inner ear efferent neurons, and cell survival of outer hair cells (Karis et al., 2001; van der Wees et al., 2004) . In the developing sympathoadrenal system Gata3 is essential for differentiation and cell survival (Lim et al., 2000; Tsarovina et al., 2004; Moriguchi et al., 2006) .
The initial development of sympathoadrenal cells is regulated by a network of transcription factors, including Phox2b, Ascl1, Hand2, Insm1, and Gata2/3 (Goridis and Rohrer, 2002) . Phox2b is essential for initial sympathoadrenal cell specification from neural crest progenitors (Pattyn et al., 1999) and controls, together with Hand2, proliferation and noradrenergic differentiation (Lucas et al., 2006; Morikawa et al., 2007; Hendershot et al., 2008; Schmidt et al., 2009; Reiff et al., 2010) . Ascl1 and Insm1 affect proliferation and timing as their elimination results in delayed development and reduced ganglion size but normal differentiation (Pattyn et al., 2006; Wildner et al., 2008; Morikawa et al., 2009 ). Gata3 controls the initial expression of the noradrenergic marker gene TH but also generic neuronal differentiation and survival (Lim et al., 2000; Tsarovina et al., 2004; Moriguchi et al., 2006) . Chromaffin cell development depends in a similar but not identical manner on the same transcriptional regulators identified in sympathetic ganglia (Huber et al., 2009) . The continued Gata3 expression in the sympathoadrenal system throughout the lifetime of the animal, together with the essential role of Gata3 in the maintenance of the differentiated state in other lineages (Kouros-Mehr et al., 2006) , raises the question as to the role of Gata3 in mature sympathetic neurons and chromaffin cells.
We now demonstrate that Gata3 elimination in both differentiated embryonic and adult sympathetic neurons results in a virtually complete neuron loss by apoptotic cell death. In contrast, chromaffin cell survival depends on Gata3 only during embryonic development. Our results indicate a survival function, which is of fundamental importance for the maintenance of the adult sympathetic nervous system.
Materials and Methods
Animals. Gata3 loxP mice (Kurek et al., 2007) and DBH Cre mice (Stanke et al., 2006; Parlato et al., 2007) have been described previously. The DBH CreERT2 mice were generated as follows: The Cre-ERT2-PolyA-cassette (Mori et al., 2006) was integrated into a P1-derived bacterial artificial chromosome (BAC) that harbored the gene for mouse DBH (Parlato et al., 2007) using homologous recombination. This construct was integrated in C57BL/6 mice. Specific Cre expression in noradrenergic neurons and chromaffin cells was shown by crossing with the reporter mouse Rosa26R. The generation of DBH CreERT2 mouse lines is described by J. Stubbusch, A. Majdazari, M. Schmidt, G. Schütz, and H. Rohrer (unpublished observation). Mouse breeding and genotyping was performed as described before (Tsarovina et al., 2004) . The embryonic Figure 1 . Reduction of sympathetic ganglion size in E11.5 and E13.5 conditional Gata3 mutant mice. The sympathetic ganglion size is reduced in E11.5 sympathetic ganglia of conditional Gata3 knock-out mice as reflected by the reduced expression areas of Phox2b (A, B), SCG10 (C, D), DBH (E, F ), TH (G, H ), and Hand2 (I, J ). There was no significant reduction of the area of Ascl1-expressing cells (M, N ). The expression of Gata3 was eliminated in the Gata3 fl/flDBHCre sympathetic ganglia (K, L). At E13.5, only rudiments of the ganglia were left in Gata3 fl/flDBHCre mutants, reflected by the small area of Phox2b-(A, B), SCG10-(C, D), DBH-(E, F), TH-(G, H), and Hand2-(I, J) expressing cells. There was no Gata3 expression detected at E13.5 mutants (L), indicating that Gata3 was completely knocked out by Cre recombination. The areas of Phox2b, SCG10, DBH, TH, Hand2, and Ascl1 expression at E11.5 and E13.5 are quantified in O and P, respectively [asterisks indicate that values were significantly different compared to controls (*p Ͻ 0.01, ***p Ͻ 0.0001; n ϭ 4 for E11.5 and n ϭ 6 for E13.5 (Student's t test)]. Scale bar, 100 m.
conditional Gata3 mutants were rescued by noradrenalin agonists since the embryos die between E10.5-E11.5 due to noradrenalin deficiency (Pattyn et al., 2000; Tsarovina et al., 2004) . In the Gata3 fl/ϩDBHCreERT2 and Gata3 fl/flDBHCreERT2 mice the Cre was activated by injecting the mice intraperitoneally with 100 l of tamoxifen diluted in corn oil (20 mg/ml) (Stubbusch, Majdazari, Schmidt, Schütz, and Rohrer, unpublished observation) . Embryos obtained at E10.5-E16.5 were fixed with 4% paraformaldehyde in 0.1 M sodium phosphate buffer for 6 h. Fixative was replaced by 30% sucrose in 0.1 M sodium phosphate buffer and the embryos were frozen at Ϫ80°C in Tissue Tek (Sakura Finetek).
In situ hybridization. Nonradioactive in situ hybridization on cryosections and preparation of digoxigenin labeled probes for mouse Phox2b, TH, and DBH (gifts from J.-F. Brunet, École Normale Supérieure (ENS), Paris, France), SCG10 (gift from G. Grenningloh, Institute of Cellular Biology and Morphology, University of Lausanne, Lausanne, Switzerland), Hand2 and Ascl1 (gift from D. J. Anderson, California Institute of Technology, Pasadena, CA), and Gata3 (gift from C. Goridis, ENS, Paris, France) was performed as described previously (Ernsberger et al., 1997; Stanke et al., 1999) .
Proliferation and TUNEL analysis. Cryosections of 12 m were collected and analyzed for the expression of the proliferation marker antiKi67 rabbit (Abcam, Cat. No. ab15580) (Hendershot et al., 2008) . To localize the sympathetic ganglia on the sections, coimmunostainings with mouse anti-Tuj1 (Covance, Cat. No. MMS-435P) were performed. Alexa594 anti-rabbit and Alexa488 anti-mouse were used as secondary antibodies. The Ki67-positive cells within the ganglia were counted and referred to the Phox2b-positive area determined on consecutive sections (note that there was no significant difference in the area of Phox2b-and Tuj1-expressing cells in the mutant mice). At least three embryos were analyzed for each stage. The results are given as mean Ϯ SEM and statistically analyzed with unpaired two-tailed Student's test.
TUNEL-positive cells were detected on cryosections using the Apoptag Plus in situ apoptosis detection kit (Millipore Bioscience Research Reagents) according to the manufacturer's instructions. To rec- The number of apoptotic cells in sympathetic ganglia was analyzed by TUNEL and referred to the area of Phox2b-positive cells determined in parallel sections. At E10.5, the number of TUNEL-positive cells is not affected in the Gata3 mutants (A-D). The number of apoptotic cells is increased at E11.5 and E12.5 in the mutants (E-L). The quantification of the proliferation and TUNEL is shown in Y and M, respectively [values were significantly different compared to control mice for E11.5 and E12.5 proliferation analysis (*p Ͻ 0.01, n ϭ 3; ***p Ͻ 0.0001, n ϭ 4) and for E11.5 and E12.5 TUNEL analysis (**p Ͻ 0.001, n ϭ 5; ***p Ͻ 0.0001, n ϭ 4) (Student's t test)]. Scale bar, 100 m.
ognize the sympathetic ganglia on the sections immunohistochemistry with mouse anti-Tuj1 was performed after the TUNEL procedure. After staining with DAB to detect the apoptotic cells, sections were washed with PBS and blocked 30 min with PBS containing 10% horse serum and 0.2% Triton X-100. The primary antibody (mouse anti-Tuj1) was diluted in the blocking solution and incubated overnight at 4°C. Sections were washed in PBS containing 0.2% Triton X-100. Alexa488 anti-mouse was used as secondary antibody. Sections were covered with PBS containing 50% glycine. TUNEL-positive cells within the ganglia were counted and referred to the Phox2b-positive area determined on consecutive sections. At least four embryos were analyzed for each stage. The results are given as mean Ϯ SEM and statistically analyzed with unpaired two-tailed Student's test.
Immunostaining. Adult SCG were isolated from Gata3 mice was isolated using Trizol Plus RNA purification kit (Invitrogen) according to the manufacturer's instructions. cDNA from total RNA was synthesized using the Superscript III kit (Invitrogen). The cDNA was used as template for PCR amplification in a 50 l reaction (Tsarovina et al., 2004) . To achieve accurate quantification, 10 l aliquots were collected during PCR run at various cycles (23-37 cycles). The PCR products were separated on 1.5% agarose gels and stained with ethidium bromide. Their fluorescence intensities were measured using the ScionImage Software version 4.03 (Scion). In all experiments, amplification of Gapdh was run in parallel to normalize the different samples. All results are given as percentage Ϯ SEM of control mice and at least three animals were analyzed. The RT-PCR was repeated three times with each cDNA. Primer pairs designed for amplification of specific cDNA fragments are as follows: Gapdh_s: 5Ј-TGTGATGGGGTGTGAACCA-3Ј; Gapdh_as: 5Ј-GGTCCATTTCTTACT-3Ј; TH_s: 5Ј-CACGTGGAATACACAAA-GGAG-3Ј; TH_as: 5Ј-GTGTACGGGTCAAACTTCAC-3Ј; DBH_s: 5Ј-CGACAATGAAGCCCTCTA CGAC-3Ј; DBH_as: 5Ј-ACTGCTCCG-AGATGCGT TTG-3Ј; Gata3_s: 5Ј-GACATGGAGGTGACTGCG-3Ј; Gata3_as: 5Ј-GTGGTGGGTCGGAGGATA-3Ј; Bcl-2_s: 5Ј-CGATGGTGT-GGTTGCCTTA TG-3Ј; Bcl-2_as: 5Ј-GATTCTGGTGTTTCCCCG TTG-3Ј; Bcl-XL _s: 5Ј-TCTTTCGGGATGGAGTAAACT GG-3Ј; Bcl -XL _as: 5Ј-GG-GAAGGTGGCTTTCACAGA AAG-3Ј; NFB_s: 5Ј-TGTGACAGTGGGT-GTG GAGACA TCC-3Ј; NFB_as: 5Ј-TAATGACAGCAGGAACC CAG CG-3Ј; TrkA_s: 5Ј-CAAGATGCTCGTGGCTGTC AAG-3Ј; TrkA_as: 5Ј-TACCAGGGCTGCTTTCCAT AGG-3Ј; p75_s: 5Ј-GCACCCTCATTCGT-GTCATAAGC-3Ј; p75_as: 5Ј-AGAAAGTTGCCTCAGACTGC GG-3Ј; TUBB3_s: 5Ј-CGACAATGAAGCCCTCTACG AC-3Ј; TUBB3_as: 5Ј-ACTGCTCCGAGATGCGTTTG-3Ј; Bik_s: 5Ј-CACCAACCTCAG-GAAAACATCTG-3Ј; Bik_as: 5Ј-GAGCAGGGGTCAAGAGAAGAAG G-3Ј; Bok_s: 5Ј-TCTTCCTGTTGTTGCCAGAGAG ATG-3Ј; Bok_as: 5Ј-GCATTAGCCAGAGTCCCCTTC AG-3Ј; Bmf_s: 5Ј-TGGAGTAACAA-GACATCAGCC-3Ј; Bmf_as: 5Ј-TGGGGTGGACATCAGACAAC-3Ј.
Sympathetic neuron cultures. Paravertebral lumbosacral sympathetic chain ganglia were isolated from E12 chicken embryos. The ganglia were dissociated chemically and mechanically as described previously (Rohrer and Thoenen, 1987) . The cells (ϳ200,000) were electroporated (Reiff et al., 2010) with pCAGGS vector as controls or pCAGGS-dnGata2 to knock down the endogenous Gata2 expression or were cotransfected with pCAGGS-dnGata2 and pCAGGS-Bcl xL for rescue experiments using the Amaxa Nucleofector II according to the manufacturer's instructions. To remove cell debris, the cell suspension was centrifuged through a 3% BSA step gradient as described previously (Ernsberger and Rohrer, 1988) . After transfection the cells were plated on four-well culture dishes coated with poly-DL-ornithine (Sigma) and laminin (Invitrogen). The cells were cultured in the presence of 15 ng/ml NGF or without NGF for 4 d at 5% CO 2 and 37°C in MEM containing 10% HS, 5% FCS, 1% glutamine, and 1% penicillin/streptomycin. In some experiments, the caspase-3 inhibitor DEVD-CHO (5 M) was added through the culture period. Cells were then fixed with 4% paraformaldehyde in sodium phosphate buffer for 15 min, washed with PBS, and stained for TUNEL using the in situ cell death detection kit (Roche) according to the manufacturer's protocol. TUNELpositive cells were counted on at least 20 visual fields at 40ϫ magnification with a Zeiss Axiophot 2 microscope for each condition. Three independent experiments were statistically analyzed with paired two-tailed Student's t test. The results are given as mean Ϯ SEM.
Morphometric analysis. The area of Phox2b, TH, DBH, SCG10, Hand2, and Ascl1 expression of the sympathetic ganglia in the thoracic level and the area of Phox2b and DBH in the adrenal gland were imaged at 20ϫ magnification using a Zeiss Axiophot 2 microscope and a Visitron systems spot RT3 camera. The areas were quantified morphometrically using the MetaVue (version 7.1.3.0) imaging system. The measured area was manually thresholded and determined in m 2 /section (Tsarovina et al., 2004; Lucas et al., 2006) . At least four embryos were analyzed for each stage, and the results are given as mean area per section Ϯ SEM. For statistical analysis unpaired two-tailed Student's t test was used.
Results

Conditional Gata3 knock-out in embryonic DBH-expressing neurons leads to reduced sympathetic ganglion size without affecting noradrenergic gene expression
The selective loss of TH expression by developing sympathetic neurons in the Gata3 KO revealed an essential role in the initial noradrenergic differentiation (Lim et al., 2000; Tsarovina et al., 2004; Moriguchi et al., 2006) . To address the question whether Gata3 is not only required for the initiation, but also for the maintenance of TH expression, we eliminated Gata3 in already differentiated, DBH-expressing cells using Cre-recombinase expressed under the control of the DBH promoter (Gata3 DBHCre ) (Stanke et al., 2006) . As DBHCre expression and subsequent excision of the Gata3 gene just starts at E10.5, no effect on the expression of Phox2b, SCG10, DBH, TH, Hand2, Ascl1, and Gata3 is observed at that age (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). This is in contrast to the full Gata3 KO where TH and DBH are already massively reduced at E10.5 (Tsarovina et al., 2004; Moriguchi et al., 2006) . In the following days a continuous and parallel decrease in the expression of Phox2b, SCG10, DBH, TH, and Hand2 was evident in Gata3
DBHCre embryos. The area of Phox2b-expressing cells was reduced already at E11.5 to ϳ40 Ϯ 11%, with similar effects on Hand2, TH, DBH, and SCG10 and complete lack of Gata3 ( Fig. 1 A-O Ϫ/Ϫ and Gata3 DBHCre mice demonstrates a continued Gata3 dependence of the sympathetic neuron lineage after noradrenergic differentiation.
Conditional Gata3 elimination affects proliferation and survival of sympathetic ganglion cells
Sympathetic neuron number is determined during normal development by differentiation of progenitor cells, proliferation of sympathetic progenitors as well as immature neurons, and cell death controlled by neurotrophic factors (Glebova and Ginty, 2005) . We analyzed proliferation and apoptotic cell death in sympathetic ganglia of Gata3
DBHCre and wild-type mice. Proliferation was followed by costaining for Ki67 and TuJ1, referring the proportion of proliferating cells to the Phox2b-positive area determined on parallel sections. The conditional Gata3 knock-out decreased proliferation at E11.5 and E12.5 to 36 Ϯ 12% and 20 Ϯ 2%, respectively (Fig. 2 A-Y ) . In addition, the number of TUNEL-positive cells, which is very low in control sympathetic ganglia, was strongly increased at both E11.5 and E13.5 (Fig. 2 AЈ-MЈ) .
If Gata3-dependent proliferation represents the predominant function of Gata3 in the control of cell number, ganglion size is expected not to increase after Gata3 elimination but rather to remain stable. Since we observed that Gata3 elimination leads to a threefold decrease in the Phox2b area between E10.5 and E16.5, as compared to the 20-fold increase in ganglion size in controls (Fig. 3) , we conclude that apoptotic cell death contributes significantly to the reduced sympathetic ganglia in Gata3
DBHCre mice.
Conditional Gata3 knock-out in embryonic DBH-expressing chromaffin cells
The number of chromaffin cells is reduced in E13.5 Gata3 Ϫ/Ϫ embryos to ϳ20% of controls, i.e., to a similar extent as neuron numbers in the stellate ganglion and thoracic chain (Tsarovina et al., 2004; Moriguchi et al., 2006) . In contrast, we now observed that in E13.5 Gata3 DBHCre embryos the area of Phox2b-and DBHexpressing cells in the adrenal gland is not affected (Fig. 4C-H,Q) , whereas Phox2b-and DBH-expressing cells in sympathetic ganglia are Ͻ10% of controls (Fig. 1) . Phox2b-and DBH-positive chromaffin cells decrease between E13.5 and E15.5 (Fig. 4 K-N,Q) , which is due to cell death, as the number of apoptotic cells stained by TUNEL is strongly increased at E15.5 ( Fig.  4O, P, R) . As DBH expression in the adrenal gland is initiated at E11.5 (Gut et al., 2005) , chromaffin cells are able to survive in Gata3
DBHCre mice for several days, whereas sympathetic neurons rapidly die in the absence of Gata3. Thus, the mechanisms controlling survival of chromaffin cells and sympathetic neurons show strong differences, at least with respect to the timing of cell death. The previously observed reduction of chromaffin cells in E13.5 Gata3 Ϫ/Ϫ embryos (Moriguchi et al., 2006) can be explained by a requirement of Gata3 in the survival of sympathoadrenergic progenitors before the onset of DBH expression.
Apoptotic death of differentiated, postmitotic sympathetic neurons upon Gata3 knockdown
Although the use of DBH Cre restricts the effects of the Gata3 conditional knock-out to a stage when differentiation to noradrenergic cells has been accomplished, these cells still have an immature phenotype, reflected, for instance, by their ability to proliferate. To address the role of Gata transcription factors in more mature sympathetic neurons, we turned to cultures of postmitotic sympathetic neurons from E12 chick paravertebral ganglia. In chick sympathetic ganglia Gata2 but not Gata3 is expressed and represents the functional paralogue of mouse Gata3 in sympathetic ganglia (Tsarovina et al., 2004) . Here, we have analyzed the effects of forced expression of dnGata2 (Tsarovina et al., 2004) on the survival of differentiated, postmitotic sympathetic neurons from E12 chick embryos. Neurons from ganglion dissociates were transfected with pCAGGS-dnGata2 or, in controls, with pCAGGS alone and the number of neurons was determined after 12 h and 4 d in the presence of NGF (Fig. 5A) . After 12 h in culture the number of neurons in the control transfections and in cultures transfected with dnGata2 was not significantly different. After 4 d the number of dnGata2-transfected neurons is decreased by 31% and 42% as compared to the number of controltransfected cells and plated cells, respectively (Fig. 5A) . To investigate whether this decrease is due to apoptosis, TUNEL-positive neurons were determined after a 4 d culture period in the presence or absence of NGF. The expression of dnGata2 lead to a strong increase in the number of TUNEL-positive neurons both in neurotrophinsupported cultures and in neurons with impaired survival due to the absence of neurotrophins (Fig. 5B) . The cell death of cultured sympathetic neurons was inhibited by ectopic expression of the antiapoptotic gene Bcl-XL , indicating that the dnGata2-mediated decrease of neurons is due to apoptosis. The cell death of dnGata2-transfected sympathetic neurons is prevented by the apoptosis inhibitor DEVD-CHO (Fig. 5C ). In the presence of DEVD-CHO, the apoptosis is more strongly inhibited than with Bcl-XL , suggesting that Bcl-XL alone is not sufficient to completely block apoptosis and that additional anti-apoptotic genes are necessary for a complete rescue effect. The experiments indicate that dnGata2 interferes with NGF-mediated survival and accelerates ongoing apoptosis in the absence of NGF. This result suggests that Gata2 in the chick and Figure 5 . Inhibition of Gata2 in differentiated chick sympathetic neuron cultures leads to increased apoptosis. Sympathetic neurons from E12 chick embryos were transfected with pCAGGS or pCAGGS-dnGata2 or cotransfected with pCAGGSdnGata2/pCAGGS-Bcl-XL expression vectors by electroporation. After 12 h and 4 d in culture, the cells were fixed and neuron numbers were counted or TUNEL staining was performed. The number of neurons in dnGata2-transfected cultures was not affected after 12 h, in contrast to the reduction of neuron number after 4 d in culture (A). The number of apoptotic cells was increased in dnGata2-transfected cultures compared to controls, and this effect was rescued by overexpression of Bcl-XL (B). The number of TUNEL-positive cells was strongly decreased when the caspase-3 inhibitor DEVD-CHO (5 M) was present in cultures of control-and dnGata2-transfected cells kept without NGF (C). The elevated level of TUNEL-positive cells in cultures from control transfections in B is explained by the fact that cell debris was not removed by gradient centrifugation before plating the cells, in contrast to experiments shown in A. Asterisks indicate that the values were significantly different from controls (A) or that the two indicated values were significantly different from each other (B) (*p Ͻ 0.01, **p Ͻ 0.001, n ϭ 3, Student's t test).
Gata3 in the mouse are essential for the survival of postmitotic sympathetic neurons.
Conditional Gata3 knock-out in adult sympathetic neurons results in rapid neuron death
The apoptotic death of cultured postmitotic sympathetic neurons upon Gata3 knockdown raised the question of whether sympathetic neuron survival depends on the persistent function of Gata3 also in the adult nervous system.
To address this issue, we generated a mouse line with a tamoxifen-inducible form of Cre under the control of the DBH promoter (DBH CreERT2 ) (Stubbusch et al., in preparation). Using RosaR26 as reporter and tamoxifen-injection for 3, 5, or 10 d revealed selective Cre activity in noradrenergic cells, i.e., sympathetic ganglia, adrenal chromaffin cells, and the locus ceruleus (Stubbusch et al., in preparation). Tamoxifen-induced activation of DBHCreERT2 in adult Gata3 fl/fl mice resulted in a massive reduction of sympathetic ganglion size leading to small residual superior cervical ganglia (SCG) (Fig. 6 ) and stellate ganglia (data not shown). The remaining neuron population displayed a massive loss of Gata3 mRNA as revealed by RT-PCR analysis, which illustrates the efficient elimination of Gata3 in adult, tamoxifen-treated Gata3 DBHCreERT2 mice (Fig. 6) . The residual sympathetic neurons express normal levels of TH, DBH, and TUBB3 (Fig. 6 E) and most likely reflect cells that are Gata3 independent since Gata3 protein is undetectable in the mutants after 3 d of tamoxifen injection (Fig. 6F,G) . Interestingly, cell loss in the vast majority of cells proceeds very rapidly. A single tamoxifen injection was sufficient to produce significantly reduced sympathetic ganglia within 1 d. The functional deficit in SCG after 3 d of tamoxifen treatment is revealed by ptosis (data not shown), reflecting the absence of sympathetic innervation of the eyelid musculature. Gata3
DBHCreERT2 mice that are not tamoxifen injected do not display ptosis, and their sympathetic ganglia are of normal size, excluding the possibility that the DBHCre-ERT2 is active at low levels in the absence of tamoxifen (Fig. 6D ). In conclusion, sympathetic neuron survival is continuously dependent on Gata3 function also in the mature nervous system of the adult animal.
Mature chromaffin cells in adult animals are not affected by Gata3 elimination
Gata3 is essential for the survival of sympathoadrenal progenitors and DBH- Figure 6 . Adult superior cervical ganglia are strongly reduced in size after Gata3 elimination using the tamoxifen-inducible DBHCre system. Adult (P40 -P60) Gata3 fl/ϩDBHCreERT2 and Gata3 fl/flDBHCreERT2 mice were injected with 100 l of tamoxifen for 3, 5, and 10 d. After 2-5 additional days, the mice were killed and the superior cervical ganglia were isolated. The size of the ganglia was dramatically reduced in the inducible Gata3 mutants (A-C, mutants are indicated with red stars, controls with blue stars). There was no difference in the size of the SCG between mutants (red stars) and controls (blue stars) in animals without tamoxifen injection. The ganglia were also analyzed by RT-PCR (E) . No significant change in the mRNA levels of TH, DBH, and TUBB3 was observed in the mutants after 3 d of tamoxifen injection (D). In contrast, Gata3 mRNA levels were strongly reduced (E). The immunostaining with Gata3 antibodies indicates the virtually complete loss of Gata3 protein in the mutant mice (G) compared to heterozygous control animals (F ) [n ϭ 3 mutants, p Ͻ 0.0001 (***) for Gata3 mRNA (Student's t test)]. expressing sympathetic neurons from E11.5 onwards, with very low numbers of sympathetic neurons in the SCG and stellate ganglion. In contrast, DBH-expressing chromaffin cells are not affected in E13.5 Gata3 DBHCre mice but are decreased at E15.5 (Figs. 1, 4) . The Gata3 dependence of chromaffin cells seems to have been lost in the adult animal, as the area of DBHexpressing chromaffin cells in the adrenal medulla was not significantly reduced in adult animals treated with tamoxifen for 3 d (Fig. 7) . This result is confirmed by RT-PCR for TH and DBH. The levels of Gata3 mRNA are reduced to 33 Ϯ 4% (n ϭ 3) after 3 d of tamoxifen-treatment. As the Gata3 mRNA levels in adrenals of adult Gata3 DBHCreERT2 mice are significantly higher than in the corresponding SCG, these residual Gata3 levels may be sufficient for adrenal chromaffin survival. It should be noted, however, that chromaffin cell survival was also observed in cases with lower Gata3 mRNA levels (20%).
Mechanisms of Gata3-dependent sympathetic neuron survival in the adult animal
To begin to address the cellular mechanisms that are involved in neuronal cell death elicited by Gata3 elimination, the expression of genes involved in the control of neuron survival was studied in sympathetic ganglia from tamoxifentreated Gata3
DBHCreERT2 mice. Is Gata3-dependent neuron survival linked to neurotrophin-regulated survival mechanisms? NGF-dependent sympathetic neuron survival starts at E14 -E16 and adult sympathetic neurons are not dependent for their survival (Glebova and Ginty, 2005) . The requirement for Gata3 before, during and after the period of NGFmediated survival argues that Gata3 affects a general aspect of the neuronal survival mechanism rather than neurotrophin-specific signaling. Indeed, there was no obvious difference in the expression of TrkA and p75 between adult sympathetic ganglia in control-and tamoxifen-treated Gata3 DBHCreERT2 mice (Fig. 8) . Although the survival of adult sympathetic neurons, in contrast to neonatal sympathetic neurons, is not dependent on neurotrophic factors (Otten et al., 1979; Gorin and Johnson, 1980) , survival at both stages is maintained by similar intrinsic mechanisms (Orike et al., 2001) . Death of adult sympathetic neurons is elicited by inhibition of PI3-kinase or Akt/PKB or antisense Bcl-x L and antisense Bcl-2 (Orike et al., 2001) . Another key component of anti-apoptotic signaling in sympathetic neurons is the transcription factor NFB (Maggirwar et al., 1998) , which is activated by neurotrophins (Bui et al., 2001 ) and GDNF (Encinas et al., 2008) . It is unclear, however, whether NFB is involved in the survival of mature neurotrophin-independent neurons. As transcriptional activator, Gata3 could directly or indirectly control the sustained expression of components of the anti-apoptotic signaling pathway.
To identify signals involved in the initiation or propagation phase of sympathetic neuron cell death, ganglia from adult Gata3
DBHCreERT2 mice were isolated after 1 d of tamoxifen treatment and analyzed by RT-PCR. At that time Gata3 mRNA levels were already reduced to ϳ14 Ϯ 6% (Fig. 9A) . Analysis of the anti-apoptotic genes Bcl-2, Bcl-x L , and NFB revealed a significant reduction by ϳ55% for Bcl-2, 60% for Bcl-x L , and 65% for NFB as compared to control sympathetic ganglia from tamoxifen-injected Gata3 fl/ϪDBHCreERT2 mice (Fig. 9A) . Besides the anti-apoptotic genes analyzed, the pro-apoptotic gene Bax is also important in regulating the survival of sympathetic neurons (White et al., 1998) . Analysis of Bax in Gata3 mutant mice injected once with tamoxifen and analyzed 24 h later by RT-PCR showed no significant difference in mRNA levels compared to control mice (data not shown). Since Gata3 DBHCreERT2 mice were killed 24 h after tamoxifen injection, it may be too early to detect effects on Bax expression. Therefore we analyzed another group of pro-apoptotic genes, the BH3-only proteins known to activate Bax (Adams and Cory, 2007) . We choose the BH3-only proteins Bik and Bmf because of their high expression level in adult sympathetic neurons. In addition, the expression of the pro-apoptotic gene Bok, a member of the multidomain Bcl-2/ Bax-family was analyzed (Reed, 2006) . Analysis of Bik, Bok, and Bmf shows a strong increase in the mRNA expression level compared to control mice (Fig. 9B) . This result suggests that apoptotic cell death is elicited by Gata3 elimination in mature, adult sympathetic neurons, and a similar mechanism is implicated in embryonic neurons. In contrast, analysis of mature chromaffin cells by RT-PCR after 1 d of tamoxifen treatment showed no significant change in the expression of Bcl-2, Bcl-x L , and NFB as DBHCreERT2 control and mutant mice were injected for 3 or 5 d with tamoxifen, the SCGs were isolated and immunostained with anti-TrkA. Although the size of the SCG in the mutants was dramatically reduced (B, D) compared to the controls (A, C), TrkA was still expressed in the remaining cells (a-d show the TrkA expression of the dashed squares in higher magnification). The Gata3, TrkA, and p75 mRNA expression in SCG was quantified after 24 h of a single tamoxifen injection by RT-PCR (E) . Although the Gata3 mRNA levels in the mutants was reduced to 14 Ϯ 6% (***p Ͻ 0.0001, n ϭ 3, Student's t test), there was no significant change in the mRNA levels of TrkA and p75 (n ϭ 3).
compared to control mice, although the Gata3 expression in the mutants was reduced to 30% (data not shown).
Discussion
Gata3 has important functions in the differentiation and survival of noradrenergic sympathetic neurons and chromaffin cells. Here, we show that the role of Gata3 in sympathetic neuron differentiation is restricted to initial development, whereas Gata3 is essential for survival of sympathetic progenitors and neurons throughout embryonic development up to the adult stage. This survival function seems to be largely restricted to sympathetic neurons and is only transiently observed in embryonic chromaffin cells.
Gata3 in the control of noradrenergic differentiation during development and in the adult animal
Gata3 was assigned a function in the control of noradrenergic differentiation since the initial expression of TH and DBH is reduced in Gata3 Ϫ/Ϫ embryos. In addition, impaired cell survival was observed, resulting in a smaller size of sympathetic ganglia and adrenal medulla (Lim et al., 2000; Tsarovina et al., 2004; Moriguchi et al., 2006) . The early cell death precluded conclusions on the role of Gata3 in the control of TH and DBH expression at later stages. The present analysis of the conditional Gata3 knock-outs at embryonic and adult stages demonstrates that Gata3 is not required for continued TH and DBH expression. Noradrenergic differentiation is sustained in postmitotic differentiated sympathetic neurons by the bHLH transcription factor Hand2 (Schmidt et al., 2009) , which is also essential for initial TH expression (Hendershot et al., 2008) .
Gata3 controls cell survival in the sympathetic neuron lineage
The essential function of Gata3 in the survival of sympathoadrenal cells starts at early developmental stages, with decreased sympathetic ganglion size and chromaffin cell numbers in Gata3 Ϫ/Ϫ embryos at E13.5, preceded by increased apoptosis at E11.5 (Tsarovina et al., 2004; Moriguchi et al., 2006) . We now show a continued requirement of Gata3 for the survival of sympathetic neurons. In Gata3
DBHCre embryos sympathetic ganglion size is massively decreased due to increased apoptotic cell death and decreased proliferation. The similar extent of cell loss in sympathetic ganglia of Gata3 Ϫ/Ϫ (Tsarovina et al., 2004; Moriguchi et al., 2006) and Gata3
DBHCre mice suggests that Gata3 is required for the survival of sympathetic precursors as well as of differentiated, noradrenergic neurons. This requirement extends up to mature neurons in adult animals as shown by the neuron loss in the inducible Gata3 knockout and raises the question as to the molecular and cellular mechanism involved.
It has been suggested that transcription factors controlling neuronal identity coregulate subtype-specific traits and survival factor receptors. This provides a simple mechanism for the tight link between neuronal identity and survival observed for many transcription factor knock-out experiments (Morin et al., 1997) . What are candidate survival factor receptors for developing sympathetic neurons? Immature, proliferating sympathetic neurons have been shown to survive independently of added neurotrophins (Ernsberger et al., 1989; Von Holst et al., 1997) , which may be explained by an autocrine action of hepatocyte growth factor (HGF) (Maina et al., 1998) . Subsequently, after cell cycle exit, sympathetic neurons become dependent on target-derived neurotrophic factor NGF. NGF-dependent survival starts at E15 in the mouse and extends to the early postnatal period. Adult sympathetic neurons are not dependent on neurotrophins for their survival (Otten et al., 1979; Orike et al., 2001) .
Interestingly, similar intrinsic mechanisms, including PI3-kinase and Akt/PkB activation, are involved in sympathetic neuron survival during NGF-dependent and NGF-independent adult stages (Crowder and Freeman, 1998; Orike et al., 2001) . PI3-kinase is also implicated in the survival function of HGF on NGF-independent early sympathetic neuroblasts (Maina et al., 2001 ). Inhibition of PI3-kinase and Akt/PkB or antisense Bcl-x L and Bcl-2 results in the rapid death of cultured adult sympathetic neurons (Orike et al., 2001) . The role of Bcl-2 for the survival of mature sympathetic neurons has been confirmed in vivo by the Bcl-2 knock-out (Michaelidis et al., 1996) . Bcl-x L may also be active in adult sympathetic neurons, since it is required for the maintenance of other populations of mature neurons (Savitt et al., 2005; Zhang et al., 2005) , in addition to its essential functions during nervous system development (Motoyama et al., 1995) . NFB, which blocks apoptosis in sympathetic neurons (Maggirwar et al., 1998) , is activated by neurotrophins (Bui et al., 2001 ) and GDNF (Encinas et al., 2008) and elicits survival through antiapoptotic target genes, including Bcl-x L and inhibitors of apoptosis (IAPs) (Wiese et al., 1999; Kucharczak et al., 2003) . NFB may be activated through the PI3-kinase/Akt signaling pathway in cultured adult sympathetic neurons (Brunet et al., 2001; Orike et al., 2001 ), but recent data implicate an alternative activation pathway through B-Raf and IKK (Encinas et al., 2008) .
Here, we provide evidence suggesting that Bcl-2, Bcl-x L , and NFB may act downstream of Gata3 in the maintenance of adult Figure 9 . Analysis of anti-apoptotic and pro-apoptotic genes in adult sympathetic ganglia. Adult (P40 -P60) Gata3 fl/ϩDBHCreERT2 and Gata3 fl/flDBHCreERT2 mice were injected once with 100 l of tamoxifen and killed after 24 h. SCGs were isolated and RT-PCR was performed. Gata3 mRNA levels were reduced to 14 Ϯ 6% in the mutants. The mRNA levels of the anti-apoptotic genes Bcl-2, Bcl-x L , and NFB were also significantly reduced in mutants compared to controls (A). In contrast, the expression of the pro-apoptotic genes Bik, Bok, and Bmf was increased in the mutants (B). n ϭ 3 mutants, p Ͻ 0.0001 (***) for Gata3; p Ͻ 0.001 (**) for Bcl-2, Bcl-x L , and NFB; for Bik, Bok, and Bmf, p Ͻ 0.01 (*) (Student's t test).
sympathetic neurons. The downregulation of anti-apoptotic regulators also suggests that apoptotic, rather than necrotic or autophagic cell death, is elicited by the elimination of Gata3. A reduction in the levels of Bcl-2, Bcl-x L , and NFB would also explain the apoptotic cell death induced by Gata3 elimination in embryonic sympathetic progenitors and neurons. It is presently unclear whether these genes represent direct or indirect target genes of Gata3. However, for Gata4 a direct effect on Bcl-2 regulation has been observed (Kyrönlahti et al., 2008) . The finding that apoptotic cell death occurs in sympathetic neurons after Gata3 elimination is also supported by the increased expression of pro-apoptotic BH3-only proteins Bik and Bmf, which activate Bax, and by the increase of the Bax-homolog Bok (Adams and Cory, 2007) .
Gata3 effects in differentiated sympathetic neurons and chromaffin cells
The loss of sympathetic neurons and chromaffin cells and the reduced expression of noradrenergic marker genes in Gata3 Ϫ/Ϫ mice could be rescued to a large extent by ectopic Gata3 expression, driven by the DBH promoter (Moriguchi et al., 2006) . Thus, delayed Gata3 expression in DBH-expressing cells is sufficient to support sympathetic neuron and chromaffin cell development. The present results extend the conclusions from the rescue approach by the demonstration that Gata3 is not only sufficient but also essential for the maintenance of noradrenergic neurons. However, Gata3 is less important for the survival of embryonic DBH-expressing chromaffin cells, and this function seems to have been lost in adult chromaffin cells. Initial chromaffin development depends on Gata3, as shown by a 75% reduction of adrenal chromaffin cell number in E13.5 Gata3 Ϫ/Ϫ embryos (Moriguchi et al., 2006) . However, we observed at this age no significant decrease in chromaffin cells upon Gata3 elimination in DBH-expressing cells. Effects on chromaffin cell survival are first seen at E15.5. This would be in agreement with previous results showing that the cell death of chromaffin cell progenitors proceeds with some delay in the adrenal as compared to sympathetic ganglia . In adult mice, tamoxifeninduced Gata3 elimination did not significantly affect chromaffin cells, whereas sympathetic ganglia were dramatically reduced in size. The absence of chromaffin cell loss in the adult adrenal may be explained by less efficient elimination of Gata3 in chromaffin cells as compared to sympathetic ganglia or by differences in the mechanisms controlling cell survival in these cell populations. We favor the latter explanation as chromaffin cell survival is also unaffected in mice with low residual Gata3 expression level and since chromaffin cells and sympathetic neurons indeed display distinct survival requirements (Parlato et al., 2009) .
The different effects of the conditional and inducible Gata3 knock-out in sympathetic neurons and chromaffin cells also indicates that the action of Gata3 is context-dependent, a conclusion supported by the observation that Gata3 elimination in skin results in increased survival and proliferation rather than cell death (Kurek et al., 2007) .
The maintenance of differentiated sympathetic neurons
Neurons must maintain their differentiated state for the lifetime of the organism. In invertebrates there is evidence that particular types of transcription factors, i.e., terminal selector genes, are required for the subtype specification during development as well as for the maintenance of neuron subtype identity. They act in an autoregulatory manner and their elimination results in the selective loss of subtype-specific marker gene expression but not in the death of neurons (Hobert, 2008) . Gata3 is involved in the maintenance of the differentiated state in several non-neuronal tissues (Kouros-Mehr et al., 2006; Ho et al., 2009 ) but is not required for the continued expression of noradrenergic characteristics in mature sympathetic neurons.
Our findings are the first to demonstrate a selective role in neuronal survival for a transcription factor whose expression is restricted to a small number of neuronal lineages. This raises the question of whether Gata3 is controlling survival also in these other neuronal lineages. Effects on neuron survival were not observed in serotonergic neurons in the caudal raphe nuclei (van Doorninck et al., 1999; Pattyn et al., 2004) but in the inner ear, where sensory hair cells degenerate already by reducing Gata3 levels in heterozygous Gata3 ϩ/Ϫ mice (van der . Another interesting issue is whether our findings reveal a mechanism to control neuron survival in general, with specific subtypes of transcription factors acting in different neuronal lineages. The delineation of such a survival control mechanism in mature neurons would be of particular interest for neuronal populations affected in neurodegenerative diseases.
